In this paper a novel photonic digitization scheme with differential encoding based on orthogonal vector superposition (OVS) is proposed and demonstrated. A phase modulator (PM) and two delay-line interferometers (DLIs) with π/2 difference in bias phase are employed to generate two orthogonal modulated signals. By adjusting and combining the intensity of two orthogonal signals with an OVS module, the desired phase shifts among different transfer functions can be obtained. The proposed scheme can differentially encode the input signal with enhanced bit resolution. Compared with the existing photonic digitization schemes based on modulators, this scheme features its simple configuration, because only a single PM, two DLIs and an OVS module are required; moreover, since the desired phase shifts of transfer functions are realized by attenuating the signal intensities, the proposed scheme can effectively alleviate the problem of phase bias drift induced by modulators. Proof-of-concept experiments of 3-and 4-bit photonic digitization systems based on OVS are successfully carried out, which demonstrate the feasibility of the approach.
Introduction
Digitization of wideband signals is essential for a wide range of applications, such as advanced radar systems, electronic monitor, real-time signal processing and spread spectrum communications [1] - [3] . Limited by the inherent aperture jitter of sampling clock and comparator ambiguity, it is very hard to digitize the analog signals with wide bandwidth (i.e., over several tens of GHz) while keeping high resolution by using conventional electronic devices [4] . Benefiting from the merits of photonic components and technologies, such as the immunity to electromagnetic interference and high bandwidth of electro-optic components, as well as the ultra-low timing jitter of mode-locked lasers as sampling clocks, digitization (i.e., analog-to-digital conversion, ADC) with photonic technologies is regarded as a potential solution to break the bottleneck of electronic digitization in terms of bandwidth and aperture jitter [5] . In past several decades, various photonic digitization schemes have been proposed, including the techniques combing the photonic sampling and electronic quantization [6] - [8] , the photonic time stretch for preprocessing the signal prior to electronic quantization [9] - [12] , the approaches realizing spectral encoding based on optical nonlinearities [13] , [14] , and the photonic sampling and quantization using Mach-Zehnder interferometers (MZIs) as well as modulators [15] - [19] , etc.
Taylor initially proposed a photonic digitization scheme, which utilizes the sinusoidal modulation transfer functions of Mach-Zehnder modulators (MZMs) to fold an input analog signal and generates Gray-code digital data [15] . In his scheme, an array of MZMs with geometrically scaled half-wave voltage (V π ) is required to digitize the input signal. The realized bit resolution is equal to the number of employed MZMs. However, the requirement of geometrically scaled V π leads to that the V π of the MZM at least significant bit (LSB) should be very low when the bit resolution is higher than 3 or 4 bits, which is difficult to realize even with the state-of-art photonic fabrication techniques. In order to overcome the limitation of using MZMs with very low V π , Stigwall et al. proposed a digitization scheme by using a free-space interferometric structure with a phase modulator (PM) in one arm. By placing photodetectors (PDs) at different positions in interference pattern, the desired phase shifts among different modulation transfer functions can be obtained and the conversion of an input analog signal into digital data with linear binary coding is realized [16] . This approach firstly introduced the concept of phase shift photonic digitization (PSPD), which avoids the problem relating to V π scaling in Taylor's scheme. The major shortcoming of Stigwall's scheme lies in its complex and bulky free-space interferometric structure. An improved way to realize the PSPD is to use an MZM array with identical V π to make the system much more compact [17] . By properly adjusting the bias voltages of MZMs, the desired phase shifts of different transfer functions can be obtained. In order to reduce the required modulators and improve the system resolution, a digitization scheme using a single PM and an array of delay-line interferometers (DLIs) was proposed [18] . In [18] , the differential signal instead of the original input signal is encoded. Since the peak-to-peak amplitude of a differential signal is usually much smaller than that of the original signal, the realized bit resolution can be effectively improved [19] . Another scheme of PSPD is to use parallel intensity modulators with optical attenuation [20] , which achieves the desired phase shifts by controlling the modulated signal intensity. In addition, the PSPD schemes can also be realized by using a single MZM with a fiber stretcher array [21] or based on a special designed MZM (i.e., unbalanced MZM) [22] .
In this paper, we propose and demonstrate a novel photonic digitization scheme with differential encoding for photonic ADC based on orthogonal vector superposition (OVS). A single PM and two DLIs with π/2 difference in bias phase are employed to generate two orthogonal modulated signals. An OVS module is used to implement the power adjustment and combination of two orthogonal signals. By properly adjusting the optical attenuation in the OVS module, the desired phase shifts among different transfer functions can be obtained. The proposed scheme can efficiently digitize the input analog signal with differential encoding. This scheme features its simple configuration, as only one PM and two DLIs are required for an N-bit system, while N MZMs are required in [15] , 2 N − 1 MZMs are needed in [17] and 2 N − 1 DLIs in [18] . Moreover, the desired phase shifts of transfer functions for the digitization of the input signal are simply achieved by attenuating signal intensities. It effectively alleviates the problem of phase bias-drift in most photonic digitization schemes based on modulators [17] - [19] , which are sensitive to temperature and environment. In addition, the proposed scheme encodes the differential signal, which is usually much smaller than the original input signal. The realized bit resolution is greatly improved. Proof-of-concept experiments of 3-and 4-bit photonic digitization are performed. Results show that a 4 GHz sinusoidal radio frequency signal can be efficiently digitalized with the digital signal-to-noise ratio (dSNR) of 19.14 dB and 24.44 dB.
Quantization Principle
A schematic diagram of the proposed photonic digitization scheme is shown in Fig. 1 . A pulse train generated by a MLL acts as the sampling pulses. An analog signal V s (t) to be digitized is applied to a PM. The phase-modulated pulse train is then split into 2 equal parts via an optical splitter. One part is sent to the DLI1, which consists of delay lines in both arms and an electrically controlled phase shifter in one arm. The other part is sent to the DLI2. The outputs of DLIs (I 1 , I 2 ) are delivered to the OVS module, which realizes the functions of splitting, attenuation, conversion and combination of the modulated optical signals. The output electrical signals of the OVS module are sent to the following comparators to obtain the digital output. Note that the two DLIs have identical delay τ but with π/2 difference in bias phase, which can be realized by properly biasing one of DLIs. In addition, the relative delay τ of each DLI is set to be equal to the repetition period of the input pulse train. The output digital code corresponds to the quantized result of the differential signal
The configuration of the OVS module is shown in Fig. 2 , which consists of variable optical attenuators (ATTs), PDs, adders and subtractors. For a photonic digitization system with 2N quantization levels, N MZMs are required in Ref [17] and N DLIs are need in [18] , while in proposed scheme the output signal of each DLI (I 1 or I 2 ) is split into N paths. There is an ATT in each path and 2N ATTs in total for adjusting the signal intensities in the OVS module. The output of each ATT is converted into electrical signal by the following PD. The electrical signal is sent to the adder or the subtractor, both of which can be fabricated with the current mature integrated circuits. The adder will output the intensity combination of two input signals while the substractor outputs the intensity difference of two inputs. There are K adders and (N-K) subtractors in the OVS module, where K = (N /2) + 1 . The outputs of adders or subtractors are then sent to the following comparators to obtain the digital code. Note that the output signals from the two DLIs are orthogonal because of the π/2 difference in bias phase of two DLIs, hence the OVS module realizes the vector superposition of two modulated orthogonal signals.
The optical pulse train from the MLL can be expressed as E i n (t) = g(t) exp(jω 0 t), where g(t) denotes the pulse train with a repetition period of τ, therefore g(t) = g(t − τ), ω 0 represents the central angular frequency of optical carrier. The phased-modulated pulse train out of the PM is given by E m (t) = g(t) exp{j[ω 0 t + ϕ s (t)]}, where ϕ s (t) = πV s (t)/V π is the phase signal induced by the input voltage signal V s (t) and V π is the half-wave voltage of the PM. We assume ϕ k (k = 1, 2) as the phase induced by the bias voltage. The output signal from the k-th DLI is
Therefore, the optical intensity is
By adjusting ϕ 1 and ϕ 2 within the DLIs, we can make the difference between ϕ b1 and ϕ b2 equals to π/2. For simplicity, we assume ϕ b1 = π/2 and ϕ b2 = 0 in the following discussions. The output of each DLI is split into N paths and there is an ATT in each path for adjusting the optical power. We assume the attenuation coefficient of the ATT in i -th (1 ≤ i ≤ N ) path from the first DLI as ξ 1i , and that from the other DLI is ξ 2i . After optical attenuation, optical signal in each path is converted into electrical signal via a PD. Here we utilizes the modulation transfer function to denote the output signal intensity from the OVS module as a function of the differential phase signal (i.e., ϕ d (t)). In order to achieve desired phase shifts of transfer functions, the signals of the first K (K = (N /2) + 1 ) paths from both DLIs are combined by adders. The rest (N − K ) paths are combined by subtractors. Therefore, the i -th (1 ≤ i ≤ K ) output after the adder is given by
Similarly, the i -th (K < i ≤ N ) output after the subtractor is as
If we set ϕ = arctan(ξ 2i /ξ 1i ), equations (3) and (4) can be simplified as
where I i 0 = |g(t)| 2 /2, δ i and I i th denote the desired phase shift of modulation transfer function and the threshold value of the following comparator in i -th channel, they can be separately denoted by (c) the normalized output intensity versus the differential phase; (d) quantized value versus the differential signal.
From equations (5) we can see that the output signal I i out (1 ≤ i ≤ N ) varies sinusoidally with the differential phase signal ϕ d (t). For a digitization system with 2N quantization levels, there are N output channels from the OVS module and the signal intensity in each channel is dominated by the power adjustment within the OVS module. In order to realize quantization and encoding, we can adjust the ATTs to ensure that the phase shift difference (δ i − δ i − 1 ) (1 < i ≤ N ) between any two adjacent channels equals to π/N. The quantization and encoding principle of the proposed scheme is similar to that of other PSPD schemes, the main difference lies in that the differential signal ϕ d (t) instead of the original input signal ϕ s (t) is quantized and encoded in the proposed scheme. In addition, the desired phase shifts can be realized by adjusting the ATTs, which effectively alleviates the problem of phase bias-drift induced by the phase modulation of MZMs or phase shifters [17] , [18] , [19] . An illustration of the encoding for a 4-channel digitization system with quantization levels of 8 is shown in Fig. 3 . The input analog signal V s (t) is assumed as a sinusoidal signal, the output signal intensities from both DLIs with π/2 difference in bias phase are shown in Fig. 3(a) . Since the number of quantization levels is set as 8, the output signal of each DLI is split into 4 paths. By setting the attenuation ratio of the ATT in each path as ξ 11 = 1, ξ 12 = 0.707, ξ 13 = 0, ξ 14 = 0.707, ξ 21 = 0, ξ 22 = 0.707, ξ 23 = 1, ξ 24 = 0.707, the signals of the first three paths from two DLIs are added by adders, that of the last path are combined by subtractor. The output signals of the OVS module are presented in Fig. 3(b) . Fig. 3(c) gives the transfer functions of 4 channels. In Fig. 3 (c) the desired phase shifts of 4 different transfer functions are given by δ 1 = 0, δ 2 = π/4, δ 3 = 2π/4, δ 4 = 3π/4, with a phase increment of π/4 between any two adjacent channels. By comparing the signal intensity with the preset threshold value, the differential signal (i.e., V s (t) − V s (t − τ)) instead of the original input signal (i.e., V s (t)) can be encoded into Gray code, which is also shown in Fig. 3(c) and varies only one bit between any two successive values, accordingly the system error rate is effectively decreased. Fig. 3(d) gives the quantized value of a sinusoidal signal and its fitted signal based on the proposed photonic digitization scheme. 
Results and Discussions
In order to verify the feasibility of the given digitization scheme based on OVS, proof-of-concept experiments of 3-and 4-bit systems are implemented. Since the integrated DLIs with suitable delay are not available at the time of experiment, we use an MZM biased at 0 and π/2 respectively to obtain two orthogonal modulated signals, which are sufficient to demonstrate the concept of photonic digitization scheme based on OVS. In the experiment, a continuous-wave laser diode (Yokogawa AQ2201) with a wavelength of 1550 nm and an output power of 5 dBm is used as the light source. The light is directly sent to the MZM with a bandwidth of 20 GHz. A polarization controller is employed in front of MZM to minimize the polarization-dependent loss. A 4-GHz sinusoidal radio frequency (RF) signal generated by a signal generator (Agilent E8254A) is applied to the MZM. After O/E conversion, temporal waveforms are recorded by a digital sampling oscilloscope (Agilent 86116A). Two captured waveforms are processed by an off-line program in computer, which includes the functions of the OVS module and comparators. It should be noted that the MZM instead of PM and DLIs is used to generate two orthogonal modulated signals, which leads to that the original signal instead of the differential signal is encoded. Hence the realized bit resolution is relatively lower than that of the proposed scheme with differential encoding.
We first investigate a system with a resolution of 3 bits. According to the operation principle of OVS, the attenuation coefficients of 2N (N = 4) ATTs in the OVS module are set as: ξ 11 = 1, ξ 12 = cos(π/4) = 0.707, ξ 13 = 0, ξ 14 = − cos(3π/4) = 0.707, ξ 21 = 0, ξ 22 = sin(π/4) = 0.707, ξ 23 = 1, ξ 24 = sin(3π/4) = 0.707. The emulated four output waveforms from the OVS module are shown in Fig. 4(a) . We set the threshold values of four comparators as 0.5, 0.707, 0.5, 0 times of the maximum, according to I i th = |g(t)| 2 (ξ 1i + ξ 2i )/2(1 ≤ i ≤ K ) and I i th = |g(t)| 2 (ξ 2i − ξ 1i )/2 (K < i ≤ N ). By comparing the data of four obtained waveforms with the preset threshold values, a digital signal is obtained. The normalized quantized signal is shown in Fig. 4(b) , where the fitted sinusoidal signal is also given for comparison. Fig. 4(c) shows the errors between the quantized and the fitted signals. It is shown that the errors in some sampling points are larger than the magnitude of the LSB, which mainly owes to the system noises (i.e., signal intensity deviation, etc) and bias error in MZM. Based on the errors in Fig. 4(c) , the dSNR is estimated to be around 19.14 dB, which corresponds to an effective number of bits (ENOB) of 2.88 for a 3-bit system, according to the formula E N O B = (dSN R − 1.76)/6.02.
Next, a digitization system with a resolution of 4 bits is tested. In this case, the attenuation coefficients of 16 (N = 8) ATTs are set as: ξ 11 = 1, ξ 12 = cos(π/8) = 0.924, ξ 13 Fig. 5(a) . The threshold values (I i th ) of the eight comparators are set according to equation (6) . Comparing the waveform data with the threshold values, the quantized results can be obtained. Fig. 5(b) gives the normalized quantized signal and the fitted sinusoidal signal for comparison. Fig. 5(c) presents the errors between the quantized and the fitted signals. According to the errors, the dSNR is 24.44 dB and the corresponding ENOB is 3.76 for a 4-bit digitization system.
The above experiments clearly demonstrated the correctness of the proposed photonic digitization approach based on OVS. It is important to keep orthogonal between two modulated signals and implement proper intensity attenuation to achieve high-performance quantization. Here we discuss the impact of phase bias (i.e., induced by the phase control of DLIs) and intensity deviations (i.e., attenuation errors) on digitization performance in terms of ENOB. Firstly, we investigate a 4-bit system with bias error but proper intensity attenuation, in which we assume one DLI is properly biased at 0 and the other DLI is biased with phase deviation from 0 to 0.05 * π. The results are shown in Fig. 6(a) . It is observed that the ENOB decreases as the bias phase deviation increases and when the bias phase deviation reaches 0.05 * π, the ENOB decreases to only 3 bits. Next, we investigate the case with intensity deviations but proper biases. To show the worst case of intensity deviations, we assume the outputs from the first DLI are properly attenuated but those from the second DLI are attenuated with a uniform deviation. The range of relative intensity deviation is set to be from 0 to 35%. The obtained dependence of ENOB vs. intensity deviation is given in Fig. 6(b) , from which we find that the ENOB degrades slowly with the increase of intensity deviation when the deviation is smaller than 0.3. However, the ENOB declines fast when the intensity deviation is larger than 0.35. From Figs. 6(a) and (b), we can conclude that the ENOB degradation induced by the bias phase errors is much more sensitive than that induced by the intensity errors under the same deviation range (i.e., from 0 to 10%). In order to achieve a high-performance digitization system, a bias voltage control circuit can be employed to guarantee the π/2 difference in bias phase of two DLIs. Meanwhile, compared with the previous digitization schemes based on modulators [15] , [17] , [18] , which achieve the desired phase shifts by adjusting the bias voltages of modulators, the proposed scheme greatly improves the system stability and bit resolution.
In addition, we estimate the power budget of the proposed photonic digitization system. We consider a 4-bit digitization system, where the output from a DLI is split into 8 paths. We assume the input signal is phase-modulated in full-scale, i.e., the phase shift varies from 0 to π. To show the worst case, the optical path with the maximum attenuation (the attenuation coefficient is 0.924 for the 4-bit system) inside the OVS module is considered. The responsivity and bandwidth of PD is set as 0.8 A/W and 40 GHz, respectively. We assume the system noise is dominated by the thermal noise. Both the insertion loss of the applied PM and that of DLIs are assumed to be 3 dB. If the SNR after the PDs is greater than 30 dB, it is estimated that the optical power before the PM should be larger than 170 mW. For the systems with higher bit resolution, optical amplifiers should be included within the OVS module due to the higher splitting ratio and larger attenuation coefficient within the OVS module.
Conclusions
In this paper, a novel photonic digitization scheme with differential encoding based on OVS was proposed and demonstrated. A PM and two DLIs with π/2 difference in bias phase are employed to generate two orthogonal modulated signals. By using the OVS module to realize the signal intensity adjustment and combination, the input analog signal can be converted into differentially encoded digital data with improved bit resolution. Compared with the existing photonic digitization schemes, the given approach has simpler configuration, which can be realized by a single PM, two DLIs and an OVS module; meanwhile, the desired phase shifts of transfer functions can be achieved by adjusting the signal intensities within the OVS module, which effectively alleviates the problem of bias phase drift in most digitization systems based on modulators; furthermore, the proposed system can be adjusted and monitored in real-time by using electronic-controlled optical attenuator array, which improves the system stability and makes the system much more compact and easier to be implemented; moreover, the proposed digitization system can effectively improve the bit resolution by differentially encoding the input signal. Proof-of-concept experiments of the 3and 4-bit digitization systems are successfully carried out, the ENOB of 2.88 and 3.76 are obtained respectively. We also investigated the performance degradation induced by phase bias errors and intensity deviations. In addition, the power budget of a 4-bit system in the worst case is discussed in detail.
